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ABSTRACT 


In  this  paper  it  is  shown  that  any  arbitrary  delay  characteristic  ot  a  commensurate 
microwave  network  which  supports  a  T.  E,  M,  mode  ot  propagation,  may  be  realised 
by  means  of  a  transformerless,  coupled-line  network  within  an  arbitrary  additive 
constant.  The  realisation  procedure  presented  is  based  upon  the  synthesis  of  micro- 
wave  C-typo  and  D-type  all-pass  sections.  Synthesis  procedures  arc  also  developed 
for  the  direct  realisation  of  a  complete  all-pass  network  which  Include  interdigitinl 
line  structures. 

The  application  of  microwave  all-pass  networks  to  the  phase  correction  of  con¬ 
ventional  microwave  filtcrr  and  to  the  construction  of  delay  networks  with  linear 
delay  characteristics  is  also  presented. 
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In  U’iti  design  of  microwave  filters  and  mulching  networks,  specifications  frequently 
demand  constraints  ujKin  both  the  amplitude  and  phase  rvsjKmses  over  the  operating 
band.  it  has  been  shown,  by  using  a  general  cascade  synthesis  procedure  for  dis¬ 
tributed  networks  1,  that  any  amplitude  characteristic  may  be.  approximated  by  a  net¬ 
work  whose  delay  is  constant  at  ail  frequencies2,  ihe  purpose  of  this  paper  is  to 
demonstrate  how  an  arbitrary  frequency/group  delay  characteristic  may  be  realised 
by  means  of  a  transformer  leas,  cuupk»d-!$ne  network  supporting  a  T.  K,  M.  mode  of 
prafnttration  which  exhibits  zero  insertion  loss  at  all  frequencies.  Such  n  network  is 
termed  a  microwave  allpass  network.  The  combination  of  the  constant  delay  network 
and  the  microwave  all-pass  network  obviously  enables  arbitrary  pi.  ,«e  and  amplitude 
specifications  to  be  met  simultaneously. 

Initially,  it  is  shown  that  a  commensurate  microwave  all-pass  network  may  be 
represented  as  a  cascade  of  microwave  ail-pass  C-typu  and  D- type  sections  within  an 
arbitrary  number  of  unit  elements'*.  This  enables  complete  delay  characteristics  to 
be  approximated  by  the  addition  of  the  delay  characteristics  oi  single  C-type  and  LMype 
ull-pass  sections;  a  detailed  discussion  of  this  procedure  is  presented  in  the  text. 
Furthermore,  since  any  delay  charucte  istic  may  be  realised  by  a  cascade  of  C-type 
and  lMypo  all-pass  sections,  by  proving  that  any  all-pass  C-type  or  D-typc  section 
may  be  realised  directly,  or  in  cascade  with  a  unit  element  by  means  of  a  transformer¬ 
less,  coupled- line  network,  the  realisation  of  any  arbitrary  delay  characteristic  is 
ensured  within  an  additive  constant. 

For  physical  convenience,  occasionally  it  is  desirable  to  be  able  to  realise  micro¬ 
wave  ail-pass  networks  directly  without  reducing  them  to  the  cascade  of  C-type  and 
D-typo  all-pass  sections.  Two  realisations  in  this  form  are  presented.  The  first 
realisation  is  in  the  form  of  a  cascade  of  two-wire  coupled  lines,  a  problem  originally 
considered  by  Steer.aart'*  and  a  simple  synthesis  procedure  is  formulated.  This  par¬ 
ticular  class  of  network  is  useful  when  it  is  required  to  realise  a  delay  characteristic 
where  the  difference  between  maximum  and  minimum  delays  In  relatively  small,  other¬ 
wise  unrcallsable  element  values  may  result.  The  second  realisation  which  is  present¬ 
ed  enables  'resonant'  type  of  delay  characteristics  to  be  realised  in  a  simple  manner. 
7his  class  of  networks  takos  the  form  of  an  interdigital  line  structure  where  the  lines 
are  terminated  in  open  or  short  circuited  stubs,  the  input  and  output  ports  being  at 
either  end  of  one  of  the  lines.  A  general  synthesis  procedure  is  developed  based  upon 
the  oven- mode  impedance  of  the  network  thus  reducing  the  synthesis  problem  to  the 
realisation  of  a  single  reactance  function  in  a  particular  form. 

Finally,  attention  is  given  to  the  application  of  microwave  all-puss  networks  to  the 
phase  correction  of  conventional  microwave  filters  and  the  construction  of  delay  net¬ 
works  with  linear  delay  characteristics.  A  numerical  example  is  presented  where  a 
C-type  and  a  D- type  all-pass  section  are  used  to  correct  the  phase  response  of  a  five 
element  stepped  impedance  transformer^,  a  realisation  in  the  form  of  a  cascade  of 
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three,  two-wire,  coupled  lines  being  presented.  Limitations  on  this  form  of 
realisation  are  demonstrated  by  considering  the  phase  correction  of  the  complementary 
five  element  low-pass  prototype  filter6.  In  this  case,  a  realisation  in  the  form  of  a 
cascade  of  two- wire  lines  is  not  possible  due  to  resulting  negative  coupling  admittances 
and  a  general  form  of  realisation  as  a  physical  cascade  of  a  C-type  and  a  D-type  all- 
pass  section  must  be  sought. 

A  first  order  approximation  is  given  for  the  design  of  a  delay  network  with  a  linear 
delay  characteristic  over  a  narrow  band  of  frequencies  where  the  change  in  delay  over 
the  band  is  relatively  large.  Ibis  network  may  normally  be  realised  in  the  form  of 
the  interdigital  line  network  with  open  and  short  circuited  terminating  stubs. 
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1L  DELAY  CHARACTERISTICS  OF  MICROWAVE  ALL- PASS  NETWORKS 


Consider  tlie  scattering  matrix  of  a  two-port,  passive,  lossless,  reciprocal  network 
defined  as:- 


[Sll  s121 

S12  S22] 


v’here,  from  the  unitary  condition,  at  real  fi  equencies 

[S][S]-[i]  (2) 

<«-v» 

[S]  being  the  adjoint  matrix  of  [S] . 

The  network  is  defined  as  an  all~pas6  network  if, 

S11  ~  s22  =  0  (3) 

which,  from  equation  (2),  results  in 

IS12I-I  (4) 

evaluated  at  real  frequencies. 

If  the  network  is  a  commensurate  microwave  network  then,  conventionally  S12  may 
be  expressed  as  a  rational  ,.  '’ction  in  t  =  tanh  p  (p  normalised),  within  multipliers 
(1  -  )  1/ 2  and  analytic  in  a  domain  Re  t  >  01.  Thus,  from  equation  (4)  for  a  com¬ 

mensurate  microwave  ail-pas;  network  S12  may  be  written  as 


—  ■($*(£) 


where  H(t)  may  be  identified  as  a  strict  Hurwitz  polynomial  in  t,  and  n  is  the  effective 
number  of  unit  elements  in  the  network. 

From  equation  (5),  at  real  frequency,  the  phase  angle  4> ^  °t  S^2  (t)  is  given  by 


4>12  = 


-1  r  H(t> — 

+  2  tan  1  - 

L. 


H{t)  -  H(-t) 


H(-t)] 
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with 


p  =  j  oj  and  t  *  j  tan  ui 

The  normalised  group  delay  Tg  of  this  network  is  then  given  by 


TK  = 


_  d<i'12 
d  u: 


*  n  +  (1+tair  u>) 


[H,0 

LH  0 


tan  u)  H  (-)  tan  u>) 

•f 


tan  w)  H(-J  tan  w) 


where  primo  denotes  differentation  with  respect  to  t,  or,  within  an  arbitrary  additive 
constant, 


[  H'  (t)  H'  (-t)  *1 

Tg(t)  =  (1-t2)  Hjtj"  +  H (— t)  J 


(7) 


where  t  is  expressed  as  t  =  tanh  p,  and  H  (-t)  indicates  the  differentiation  of  H(t)  with 
respect  to  t  and  then  the  replacement  of  t  by  -t. 

Since  H(t)  is  a  strict  Hurwitz  polynomial,  then, 

l=k  i=m 

H(t)  -  tt  (t  +  At)  TT  (t2  +  2ol  +  ( tL  J  2 )  (8) 

i=l  i=l 

where 

,  cri>  o 

*ib<VK 

k  is  the  number  of  real  zeros, 
and  m  is  the  number  of  pairs  of  complex  zeros. 

From  equation  (7)  Tg(t)  may  now  be  expanded  in  partial  fraction  form  to  yield, 
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Tg(t)  =  (l-t2)j 


SkVi-xrr] 
t?r  1  i  i  i_i 

f  ^  L  tt + 1 + 1*  +  *  *  tt  - 1 4  tt  - 1 J 


which  is  evidently  the  delay  of  a  cascade  of  k  C-type  and  m  D-type  microwave  all-pass 
sections.  Hence,  the  overall  frequency/ group  delay  characteristics  of  this  class  of 
networks  may  be  determined  by  addition  of  the  delays  of  single  C-type  and  D  type  all¬ 
pass  sections. 

For  the  all-pass  C-type  section. 


Sl2  it) 


fro  ~  1 
°o  4  1 


where  cQ  is  the  rea 1  axis  transmission  zero  of  the  section. 
From  equation  (S),  the  group  delay  at  real  frequencies  is, 


(sin2  uj  )  (1  -o02)  +0-o2 


and  at 


w  =  2  *  Tg  =  2 

Thus,  the  delay  either  increases  or  decreases  with  increasing  frequency  (up  to  a  quarter 
wavelength  frequency)  depending  upor  vhether  crQ  >  1  or  or0  <  I  respectively.  A  set  of 
curves  showing  the  delay  characteristics  as  a  function  of  sin  to  is  shown  ir  Fig.  1. 

The  curves  are  only  shown  for  tt  case  cr  <l  since,  from  equation  (11),  if  a.  ,  then, 


B  o  2  2 

(cos'*  Ui)  (1  -  <JQZ)  +  Oq 


SlNu 

B 

Figure  1.  Delay  Characteristics  of  the  Microwave  C-Type  Section 
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which  is  of  the  same  form  as  equation  (11)  with  sin  u  replaced  by  cos  oj.  Thus,  to 
determine  the  delay  corresponding  to  the  caseoj  >  1,  it  is  only  necessary  to  use  the 

curve  corresponding  to  crQ  =—  and  to  consider  the  horizontal  axis  to  represent  cos  u). 

In  the  case  of  the  microwave  ail-pass  D-type  section  with  a  transmission  zero  at 
^  =  a0  +  iw0*  from  equation  (9), 


4<j0  C(i-  hoi2  slr*z  u+  !lol2  ] 


T„=- 


sin4o)(l+2jtor  «•  |  to| 4  - 4tr02)  -  2  sin2  w (1  top  +  ]y4-2o02)  +  Jt^J4  (14) 

The  d.  c.  delay  is  4cT0/  |to}2  while  the  delay  at  a  quarter  wave  length  frequency  is 
4cr0.  The  latter  is  the  greater  if  |  to)>  1  while  if  jt0|  <  1  the  d.  c.  delay  is  the  larger. 
In  order  to  determine  the  conditions  for  the  existence  of  a  peak  in  the  delay  curve, 
equation  (14)  is  differentiated  and  equated  to  zero  to  give 

jtoldtj2-1) 


t  2 

tan  ao  =• 


l«o| 


1+3  W-W 


i  fito  I2  <W2  +  <l+3|t0|2  -4c02)  (40ro2  +  3Ho|8+  |tol4i 
“  '  (16) 7 


and  a  peak  delay  exists  only  If  a  positive  solution  to  equation  (15)  is  possible.  This 
can  occur  if 


or 


!tQ|s  1  002  s 


kl  *i  ff02  *- 


U4*a|tol2 


i  +  3igJ 


(16) 


Otherwise  a  rising  or  falling  characteristic  similar  to  that  oi  the  C-type  section 
results. 


A  set  of  delay  curves  for  the  microwave  D-type  section  is  shown  in  Fig.  2. 
Curves  are  only  drawn  for  j  t0  |  <  1  since  if  the  delay  corresponding  to  a  singularity 
CT1  +  J  wl  whore  |  tj  j  >  1  Is  required  then, 
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A 


Figure  2a.  Delay  Characteristics  of  the  Microwave  D-Type  Section 

4(7!  C  (1-  1 1,  j 2)  sin2  &  +  1  tx  | 2  ] 


sin4  u  (1+2  |  tr  | 2  +  itj  |  4  -  4C  j2 )  -  2  sin2  uj  ( |  | 2  +  |  tx  | 

4CTJ  [1  -  cob2  ojd  -  |  tx  |2>  ] 


cos4W(1+2  |t1|2+  |t1|4-4a12)-2  cos2ai{l^  hii2 -2CT!2)  +  1 


o,  +)(D, 


.5 


SIN  w 

Figure  2b.  Delay  Characteristics  of  the  Microwave  D~  Type  Section 


1.0 


so  that 


1*1  I  - 


l*ol 


40fc,L(l  -  |t0|2)cos2  v  +  |t0|2] 


cos4  0)(l+2  jtol2  +  Itol4  -4o02)-2  cos2u;(  |2  +  j  tQ|4  -2cr02)  ■*  |t0|4 


(18) 


which  is  in  exactly  the  same  form  as  equation  (14)  with  sin  w  replaced  by  cos  w. 
Thus,  in  order  to  find  the  delay  appropriate  to  a  case  whore  |  tA  |  >  1  it  is  only 


l 

necessary  to  use  the  curves  in  Fig.  2  for  |  tQ  |  =  - — ~  and  a, 


ITT 


0.5 

SIN  w 


Figure  2c.  Delay  Characteristics  ol  the  Microwave  D-Type  Section 
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Figure  2d.  Delay  Characteristics  of  the  Microwave  D-Typo  Section 
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0 


0.5 


1.0 


SIN  w 

Figure  2o.  Delay  Characteristics  of  the  Microwave  D-Ty]>e  Section 
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in.  COUPLED- LINE  REALISATIONS  or  THF  MICHOWAVE  C-TYPE  AND  D-TYPE 

ALL- PASS  SECTIONS 


C-Typo  Section 

A  C-type  section  may  realised  directly  by  the  symmetrical  two-wire  line 
notwork '  sboA-n  in  Fig.  3.  This  particular  realisation  is  the  first  ordered  case  of  a 
general  synthesis  procedure**  which  is  described  in  section  3  and  therefore  here  it  is 
sufficient  to  my  that 


ZuvnOt  zoo“~  (19; 

<Jo 

where  Zoe  ar.d  are  the  even  jud  odd  mode  impedances  of  the  symmetrical  two- 
wire  line. 

For  positive  coupling  between  the  lineB, 
zoe  s  zoo 

and  thus  the  readability  condition  is 

cr0  >  1  (20 

In  order  to  realise  a  C-type  section  where  cr0  <  1,  it  is  necessary  to  consider  a 
realisation  of  the  section  in  cascade  with  a  unit  element1. 
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C-  Type  Section  and  Unit  Element 


Numerous  methods  exiBt  for  the  realisation  of  a  C-type  section  in  cascade  with  a 
unit  element4  but  most  suffer  from  the  realisabiiity  condition  o0  2  1.  Here,  only  one 
realisation  is  presented  which  may  realise  any  C-type  all-pass  section  in  cascade  with 
a  unit  element  of  unity'  characteristic  impedance. 


The  transfer  matrix  of  the  overall  section  is, 


oQ2  +  t2  (2<t0  +  1) 


t[cr0  (2+ao)  »  tz  ] 


which  yields  the  impedance  matrix 


On2  +  t2  (2%  +  D 


t  [a0  <2+a0)  ♦  i*  ]  2_t2) 


t  ta0  (2  +  0To)  +  t2  ] 


002  +  t2<2cro"  1) 


Vl-t2  {a02  -  t2) 

o02  +  t2  (2a0  +  1) 


A  unit  element  of  characteristic  impedance 


Z  =  __2 - 

°  <2  +  cr0) 


with  an  impedance  matrix, 


Vi-t2 


is  extracted  in  series  from  the  all-pass  section  to  leave  a  network  defined  by  the 
impedance  matrix, 


2  (1  +  <T0)  t 


!+a0)  (c0  (2+a0)+t2) 


a  +  aQ> 
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If  the  terminal  conditions  Vg  “  *  0  are  imposed  on  this  network  then,  the 

transfer  matrix  of  the  remaining  two-port  is 


Bf 


*?12 

T7i2 


t  + 


'12 

1  nn 


4l2t  12 

Comparing  this  matrix  with  the  matrix  (25)  results  in, 
(2  +  aQ) 

*»n  — T — 


*1 12 


(2  +  aQ) 
2(1 +aJ 


or 


Zoe  =  ^11  +  ^12  = 


Zoo  =  Kll  "  ^12  = 


2(1  +  a0) 


oQ  (2  +  Oo) 


2(1  +  a0) 

T 


(2  +00) 

which  is  realisable  with  positive  values  of  admittance  for  all  values  of  crc- 


V|  fr¬ 


ill 


u 


-•  V 


It 


(29) 


(30) 


(31) 


*2 


12 


12 1 
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-•V2X 


: 1 ; - 

Figure  4.  A  General,  Symmetricrl,  Two- Wire  Coupled  line 
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The  final  network  is  illustrated  in  Fig.  5.  Thus  it  has  been  shown  that  all  micro- 
wave  C-type  sections  is  cascade  with  a  unit  element  of  unity  characteristic  impedance 
may  always  be  realised  by  a  transformerless  ooupled-Une  network, 

D-Type  Section 


The  D-type  all-pass  section  may  be  realised  by  means  of  a  cascade  of  two,  symmet¬ 
rical,  two-wdre  lines  as  shown  in  Fig,  6.  Again,  since  a  general  synthesis  procedure 
for  a  realisation  in  this  form  is  presented  in  the  following  section,  only  the  pertinent 
element  values  will  be  given  hero. 

If  Zoel,  Zool  and  ZOC2,  Zoo2  ure  Gven  and  odd  mode  impedances  of  the  first 
and  second  two-wire  lines  then, 


z  =  ill I2 
oel 

Zoc2  =  ltoi2zoel 


and 


Z  iz  , 
oel  ool 


z  z 

oe2  oo2 


(32) 


(33) 


Realisability  requires  that 

(a) 


Z  ,  il 
oel 


or 


1-2  +  t  iO 

<rQ  1  o' 

which  is  always  true,  and, 
(b) 

Z  ,41 
oe2 


or 


l*ol' 


1  .  t. 


42 


which  is  the  realisability  condition. 


(34) 
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,|r'  MJWPP 


Figure  5.  A  Realisation  of  the  Microwave  C-Typc  Section  In  Cascade  With  A 

Unit  Element 


I 


2 


Figure  6.  A  Cascade  of  Two,  Two-Wire  Lines  Realising  the  Microwave 

D-Type  Section 
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The  region  In  which  transmission  zeros  may  not  be  realised  by  this  technique  is 
shown  in  Fig.  7, 


Figure  7.  Realizability  Contour  for  the  Realisation  of  *he 
Microwavo  D-type  Section 


D-Typc  Section  arid  Unit  Element 

The  transfer  matrix  of  an  all-pass  D-type  section  in  cascade  with  a  unit  element 
of  unity  characteristic  impedance  is 


B  =  t  jjt/(4V  +  ^  (u)o2+3oo2  + 

and 


t 

o 


a  *  Ice 

O  J  0 


(35) 


In  the  synthesis  procedure  which  follows  an  admittance  split  is  employed  which 
necessitates  the  use  of  the  admittance  matrix1.  For  the  section  under  consideration, 
the  admittance  matrix  is  of  the  form, 


21 


11 

yi2 

12 

yll 

where 


v  « 


jtoj4  +  2t2  (u,o2  +3^  +2ao|to|2)  +t4  (1  +  4 o0) 


11  t  f  |tj*  (4oo  ♦  itj2)  +  2t2  (U)02  +  3a02  +  2ao)  +  t4  _ 


12 


*2.  1/2  f  u  i*l  0.  2  2.  .2  .4] 

-(l-t)  [||J  «2(a,0  -c„)t  «tj 

•  [l‘0l2  <«-„  *  l‘„|2*  *  «2  (%2  *3  "i,2  *  t'J  '  *4] 


Expanding  y  and  y  In  partial  fraction  form  results  in:- 

XX  X  Li 


-  ^  k..A‘  “11°* 
yll  t  .2  „2  .2  .2 


t  +w2 


t  +<*)! 


12 


<l-t2)  1/2 


k  k  At  w  B.  ■ 

0  ,  K12  *  k12  * 

t  ,2  .2  ”  .2  2 


t  +  oj2  t  +  0) 


1  J 


where 


(36) 


(37) 


0). 


2  •  *  l‘„l2  *  *«„  '/o  *»„>2  *  |t„l2 


o'  ’  o' 


W, 


2o  (1  +  cr  )  +  It  |2  -  2cr  */<l  +  cr  )2  +  It  1 2 
0  0  1  o  o'  o  'o' 


(38) 


U 


°  ‘vii 7 
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K.r-2  <  wo2  '°02}u>22  +  w24 

O  9  9 

<«V  “  «i  > 


k12  “ 


ig4'-<^02=O^i2^i4 

2  .  2  2* 
a),  (w2  "  ) 


A  A  2 

kn  ■  ki2  ^  +  ^ 

B  B  ■?  1/2 

ku  -kU  <*•  “1  ) 

The  network  may  now  be  decomposed  Into  the  parallel  connection  of  two  networks 
and  Ng  defined  by, 

[>U  n2l  [V  n**l  buB  yi2B  1 


y12  yll 


yll  J 


Assuming  that  x  is  real  and  0  <x  s  1,  then. 


k0  <l-x> 


“llAt 

t2  -  W22 


y12A  =-(i-t2) 


2,1/2  fk°  (1'X)  +  k12At 


t2  +  OJ22 


ko*  kll  1 


t2+«,2 


yl2B  =  -  d-t2) 


2,1/2 


ki2Bt 
t2  +o>i2 


The  synthesis  of  the  networks  and  will  now  be  considered. 
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Network  N, 


The  transfer  matrix  of  the  network  defined  by  equations  (40)  Is, 


A  B 


<l-t2) 1/2  V  ka  (l-x)  *  t2  0<12a  +  k0  (l-x) 

4 


C  A 


where 


B  -  1(1“  -  a',p 

A  *  w22k)(  (l-x) 4  1 2(k11A*».0  (1-vm 


C-t  jk0(l*x)  Cu)22k0(l“X)  +  2  (kljtA  -  k12S  >  t"’ ,.k12A  +  kf>  (l-x)  ]2 
The  impedance  parameters  z,j  and  Zj2  mfty  now  b©  constructed  and  are  tfiven  by 


2  a  A 


W2%(l-x)  +  t  (kn  +  k0  (l-x)  ) 


11  t  kod-x)  [m22k0(l-x)+2(knA.-  k12A)  ]+  t2  (kl2A  4  kG  (1-X))2 


P  « 

(1-t2)  l/t  w/j-o  (l-x)  +  t2  (k12A  4  kD  (l-x)  ) 

— —  -  -  --n .... _ _ _ .....  ■■  ...  ■  i—  .  J-  —  M.I  — 

t  Jk0(l-x)  [u>2\  (l-x) +2  (knA  -  k12A)  ]  +  t2  (kl2A  -  k0  (l-x))2] 


*12  =' 


A  unit  element  of  characteristic  impedance 


*1-  — - 

k12  +  ko  (1_x> 


is  now  extracted  in  series  from  the  network  to  leave, 


Z11  BZ11 


k0  (l-x)  [w22  k12  A  -2  (ku  A  -k12  A)j  +t  (k12  ♦  kQ  (l-x))(k^  -k12^ 

"k12  A  *ko  (1'x)  1  "ko(1~x)  Cw22ko(1“x)  +  2<kllA-k12A)] 


n“  [k12A  +  k  (l-x)]4 


24 


und 


(i-t2)  1/2  2. 


'  12  "  *12 


(1-t2) 1/2  k0  (1-x)  a)22k12  A  -2  <ku  A  -k12  A)j 


[ki2A+K0  <!-*)]  t  [k0(l-x)Ca,22k0(l-x)^2  <knA-k12;  )] 


•t2  [k12A 


«k0  (l-x)]2_ 


(46) 


The  corresponding  admittance  parameters  of  this  symmetrical  network  arc 
k12A  +  ko  (1“x)]  [ko  Cui22k12  A  -2  <kn  A-k12A)] 


+t2  +  t2(k12A  +  k0(l-x))(kuA-k12A) 


*11 


<kilA“k12A>2t 


(47) 


and 


2  1/'2 

-  <1-0 


c12  A  +  ko  <l-x)j  kQ  (1-x)  u>2‘'ki2A"2  <knA"kl2  A*J 


J'l2 


(kuA-k12A>  t 


Two  open  circuited  shunt  stubs  are  extracted,  one  from  each  end  of  tho  network, 
of  characteristic  impedance 


z.,= 


(kU  -k12  ) 

(kl2A  +  ko  0~*>  )2 


(48) 


to  leave  admittance  parameters  which  are  realisable  by  a  unit  element  of  characteristic 
impedance, 


0<llA-k12A>2 


k12  +  ko  (1_x)|  ko  (1"x* 


)  kQ  (1-x)  o>2  k^2  *2(k^A-k^2A) 

J  " 


(49) 
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Network  Nr 


The  transfer  matrix  of  the  network  Np  defined  by  equations  (41)  is 


LC  A 


A  B 


where 


A  =•  wi  2kcx  +  t2  (k^  +  k11  B) 


B  =  t(t2  +  a) x2) 

C  =  t  [k0x  [ux2  k0x  +  2  (kn  B  +  k12  B)  ]  +  t2  (kQx  -  k12  »)  2] 
The  corresponding  impedance  parameters  are:- 

w12k0x+  t2  (k0x  +  kuB) 


•  w  w  *  »  _ . 

^  =  - ~r=- - - - -  ‘  “T~  21  (52) 

t  k0x[Wl2k0x  +  2  (kn  B  +  k12B)  3  +  t2  (k^  -  k12  )  J 
and 

(l^t2)172  i 2  k0x  +  t2  (kQx  -  k12  ®)  J 

/l2  ^k0x[Wl2k0x  +  2(kuB  +  k12  B)  ]  +  t2  (M  -  k12  B)j 

Two  synthesis  procedures  are  presented  corresponding  to  the  cases  of  Iqpc  -  k12 
being  positive  or  negative.  In  both  cases  a  unit  element  of  characteristic  impedance 

Zx  - - ^ -  (53) 

Wl2k0x  +  2(k11B  +  k12B) 

is  extracted  in  series  with  the  network  to  leave  a  network  with  the  impedance  parameters, 

r  -  m  n  2  n  n  "1 


tj^Wi2[(kii  +  2k12  B)^ox“^12  3+2(kn  +  ^12  >(kox+kll  'j 

j^Wl2k0x  +  2(knB+ ki2B)]  j^k0x[(j12k0x+2(k11  B+  k12B)] 

n2(k0x-k12B)2j  ( 
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and 


11  pv^n  S*ku  B)]{v[“iZ^x,2(\i  *ki2  ^]‘t2(V‘ki2E)2 


Converting  to  the  admittance  parameters  yields 


“iV4aB+lti2B)][“i2[(kii 


B  n,  B,,  .  B2. 

+2k, .  )k  x-k,„  ]  + 

12  '  o  12  J 


2<kn  B  k12  v„: 


,  B  " 

,x  +  kn 


'»l\2*+2*ll  +k12B>' 


lkoX“k12 


:X  +  2(kllB+k12B) 


tk2k12B+2<kUB+k12B) 


If  (k  x  -  k  )  £  0  then,  two  short  circuit  shunt  stubs  of  characteristic  impedance, 

O  In 


Z2  - 


r  2,  B  „„  B  ,  B,  .2 
[“l  k12  *  2(kll  *  k12  >  ] 

kll  B  *  k12  BlkVt2(kllB*kl2B) 


are  extracted  one  from  each  end  of  the  network,  to  leave  a  unit  element  of  character¬ 
istic  impedance 


[koX-k12B][“l  V  +  2(kll  B+  k12  B,_ 


thus  forming  the  network  as  shown  in  Fig.  9.  Using  the  equations  (38)  the  element 
values  of  the  network  N„,  1  reduce  to, 


t  x 

1  koX  +  2k12  B<^hJi2  + 


28 


4 

Figure  9. 


4 

"Hie  Parallel  Connection  of  the  Networks  and 


29 


K 


For  the  out  where  (kQx  -  ' . ~)  <0,  the  two- wire  line  network  described  by  the 
matrix  (29)  is  employee!.  In  This  ease,  hv  comparing  equations  (55)  with  the  matrix 
(29), 


*12  ‘ 

^11^12 
leading  to, 


k12B~  V.  [»l\X  +  2  k12  B<1  *  Vl  *  «i2>] 


\2  B<1  +  V  l  +  «,5)2 


[u)12kox^2k12B(l  +  Vl+q^)] 

k12  B(1  +  ^1  +  W12)3 


(59) 


k12 


oo 


f^V  +  2  k12  B(1  +  V 1  +  0J12) 


and 


(60) 


k12  B(1  +  Vl  +  Wj2) 


oe 


+  2  k12  B(1  +  +  w12) 


k  x 
o 


resulting  in  a  network  Nm  of  the  same  form  as  that  shown  in  Fig.  5. 


Bv 


This  two-wire  line  network  is  realisable  under  the  condition  (k  x  -  k  )<0,  since 

O 


Z  ,  Z  >0 
oe  oo 


z  -  z  * 

oe  oo 


2k12B<k12B"koX)  V  +  Jl  +  Uj2)2 

La 

{.  1  O 


k  x 
o 


+  2  k12B<1  + 


ViT^2) 


(61) 


It  has  been  shown  that  networks  and  may  always  be  realised,  the  network 
being  either  in  the  form  of  Nfil  or  NB2,  and  therefore  any  D-type  all  pass  section  in 
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cascade  with  a  unit  element  of  unity  characteristic  impedance  may  always  be 
realised  using  the  parallel  decomposition  technique  described  by  means  of  trans¬ 
formerless  coupled  line  networks. 

The  parallel  connection  of  the  networks  NA  and  Ng-  produces  the  network  shown 
in  Fig.  9  and  is  a  five-wire  coupled  Hr.c  structure  uitn  two- stubs.  Ihe  parallel  con¬ 
nection  of  the  networks  and  Ng  ^  however  degenerates  into  a  three-wire  inter- 
digital  line  section  with  four  stubs  as  shown  in  Fig,  10. 
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Hie  characteristic  admittance  matrix  o(  thla  three-wire  line,  from  equations  (SO) 
and  (58)  is  :  - 


where  line  (1)  is  terminated  in  two  open  circuited  shunt  stubs  of  characteristic  ad¬ 
mittance, 


Y.  « 


(ki2A  +  ko<l'X))2 


1  k12A[^  +  “2 ^  '  l] 

Line  (3)  is  terminated  two  short  circuited  shunt  stubs  of  characteristic  admittance, 


(63) 


(64) 


and  the  ends  of  line  (2)  provide  the  terminals  for  the  input  and  output  ports. 

This  network  configuration  is  realisable  with  non-negative  admittance  values  if 
the  networks  and  NB1  are  realisable,  Since  the  network  is  realisable  for 
all  permissible  values  of  x,  and  the  network  Nni  is  realisable  if, 
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ko*  -  k12  B  ‘  0  <6s> 

then  by  choosing  x  «  1  the  realisability  condition  for  the  combination  becomes, 

o -  Ki2  m 

In  order  to  produce  some  flexibility  in  the  design  of  this  section,  the  impedance 
level  of  line  (i)  and  (3)  w,  r,  k  f2)  may  be  modified  without  altering  the  characteristics 
of  the  network  betwoen  the  input  and  output  ports  on  line  (2).  This  is  accomplished 
by  multiplying  the  first  row  and  column  of  the  admittance  matrix  of  the  three- wire 
line  by  a  constant  and  by  multiplying  the  terminating  admittance  on  line  (1)  by  the 
square  of  the  constant9.  A  similar  procedure  may  also  be  applied  to  line  (3). 


For  convenience,  the  factors 


are  used  to  increase  the  impedance  levels  of  lines  (1)  and  (3)  respectively,  result¬ 
ing  in  the  characteristic  admittance  matrix  of  the  three-wire  line  being  reduced  to, 


(1)  (2)  (3) 


where  line  (1)  is  terminated  in  two  open  circuited  shunt  stubs  of  characteristic  ad 
mittance, 


2 
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and  line  (3)  is  terminated  in  twc  short  circuited  shunt  stubs  of  characteristic  ad¬ 
mittance, 


(70) 


The  end  view  of  the  resulting  interdigital  section  with  the  relevant  characteristic 
admittance  values  are  shown  in  Fig,  11.  Obviously,  the  values  of  x  and  x„  must  bo 
chosen  such  that  the  element  values  are  non- negative  and  this  has  been  shown  to  be 
always  possible  if 


k 


o 


(71) 


Using  the  equations 

mission  zero  t  =  a  + 
o  o 

" 

1*0 

m 

2  2 

Thus,  the  condition  Wo  >a0  ia  at  least  necessary  for  realisation  and,  assuming 
this  condition  to  be  satisfied,  condition  (72)  may  be  rewritten  as 

(1  +ao>2(<*>o2~30ro2>  +  (w02-o-02)2i  0  (73) 

2  2 

which,  for  (0o  2  3  ,  is  always  satisfied,  Honce,  the  contour  defining  realisabllity 

lies  between  two  radial  lines  from  the  origin  at  45°  and  60°  to  the  real  axis  in  the  t 
plane. 


(38),  this  condition  may  bo  expanded  in  terms  of  the  trana- 
J  U)_  resulting  in, 


2  2 
%  -*o 


2  2oq  (1  +  <r0) 


(72) 


34 


Resulting  From  the  Combination 


XV.  GENERAL  SYNTHESIS  PROCEDURES 


This  Section  is  concerned  with  the  direct  synthesis  of  microwave  ail-pass  networks 
without  reducing  the  network  to  a  cascade  of  C-type  and  D-type  sections.  The  first 
realisation  to  be  considered  is  a  cascade  of  two-wire  tines  and  the  second  is  a  reali¬ 
sation  in  the  form  of  an  interdigitsl  tine  structure. 

Synthesis  Using  a  Cascade  of  Two-Wire  Lines 

Let  the  scattering  transfer  function  (t)  of  a  resistively  terminated,  lossless, 
reciprocal,  two-nort  network  be  of  the  form, 


H  <-t) 

v4*  =  -or 

n 


(74) 


where  H  (t)  :s  a  strict  Hurwitz  polynomial  of  degree  n.  then, 
n 


1 


*  zu 

Z12  • 

.*U 

Z11  . 

where 


'11 


H  2  (t)  «•  H  2(-t) 
n  n 

"h  2  (t)  - H^-t) 
u  '  n 


and 


2Hn(t)  Hn(-t) 

12  H2(t)-H2(-t) 

n  n 


<75) 


(76) 


is  the  impedance  matrix  of  the  corresponding  lossless  two-port. 

Two-wire  Uno9  may  now  be  extrreted  from  this  impedance  matrix  using  Saito’s 
extension  of  Richard's  Theorem8,  if  [Z^r<t}  1  Is  the  impedance  matrix  after  the 
extraction  of  (n-r)  two-wire  lines  then, 

[V-n  «>]  =[tz2r<'i1-'[z2r«n][‘-'tz,r(‘)J'1tz2r(«l]  ‘  (77i 
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where 


fV"1  ■ 


Z,4 

llr  12  r 


*12  r  ZUr 


(78) 


la  the  impedance  matrix  after  the  extraction  (n  -  r  +  1)  lines. 

Simplification  of  this  recurrence  formula  results  if  Cz^r<t)3  is  expressed  as, 


Z  (t)  +  Z  (t) 
oer  '  oor 


Z  (t)  -  Z  (t) 
oer  oor 


Cz2r  <t)] 


(79) 


or 


Z  (t)  -  z,„  +  z  is  the  even  mode  impedance 

oer  llr  12  r 


and 


(80) 


Z  (t)  =  z, ,  -  ia  the  odd  mode  impedance 

oor '  llr  12  r  ^ 

and  equation  (77)  then  reduces  to, 


<t)» 


Z  (t)  -  t  Z  (1) 
oer  oer 


l“‘  Yoer(1)2oer(t) 


and 


(81) 


,(t)  = 


Z  (t)  -  t  Z  (1) 
oor  oor 


oo(r-l)'  1  -  t  Y  (1)  Z  (t) 
oor  oor 


Now  if  Z  (t)  Z  (t)  =  1,  then 
oer  oor' 


M  Z  = 


l+t  -t[z  (t)  z  (i)  +  z  (i)  z  (t)] 

oer  oor  '  oer  oor 


oe(r-l)  oo(r-l)  x  + 12  -  t  C 2  (t)  Y  (1)  +  Z  (t)  Y  (1)  ] 


oor  oer 
»  1 


oor  oor 


(82) 
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but, 


Z  (t)  Z  (t)  =  zf,  -  z* 
oen  oon  lln  12n  =  1 


Hence,  by  induction,  Z  (t)  Z  (t)  =  1  and  equations  (81)  reduce  to, 

oer  oor  ' 


Zoe(r-l)^ 


ZGo(r-l)<l) 


Z  (t)  -  t  Z  (1) 
oer  _ oer 

‘i  -  t  V  (1)  Z  (tj 
oer'  oer 


Yoe(r-l)(t) 


(83) 


From  equations  (76)  and  (80),  the  original  even-mode  impedance  is 


Z  (t) 
oen 


H  (t)  +  H  (-t) 
n _ n 

H  (t)  -  H  (-t) 
n'  '  n'  ' 


(84) 


and  the  remaining  even- mode  impedances  are  obtained  from  successive  applications 
of  Richard's  Theorem  defined  by  equation  (83)  and  the  final  network  configuration  is 
shown  in  Fig.  12. 

Physical  realisabitlty  of  the  structure  requires  that  Z  (1)  >  1  but  no  known 
condition  exists  upon  H^t)  such  that 

Z  (1)  i  1  for  all  1  (85) 

OCI< 

i  1 2 

As  an  example  of  the  procedure,  consider  the  D-type  section  where  H2(t)  =  j  t  | 

+  2  t  +  t^  i.e.  from  equation  (84) 


n 


n  -I 


Figure  12.  A  Cascade  of  n,  Two-Wire  Lines 
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2 


(86) 


*oe2(t> 


itj2+t2 

W 


whence,  from  ;ation  (83) 
|2 


Z  ,(t 
oel 


I  z«2(1> 


yielding 


1  +  t 


Zoe2<1)  = 


a  o 


and 


Z  ,<1)  =  t  Z  „(1) 
oel  o  oe2 


(87) 


as  stated  in  section  2. 

In  general,  this  particular  realisation  procedure  produces  reasonable  physical 
dimensions  if  the  rate  of  change  of  the  delay  through  the  network  does  not  vary  rapidly 
with  frequency.  If  this  does  occur  then  the  following  realisation  procedure  is  more 
appropriate. 


Synthesis  Procedure  Using  an  Interdigital  Line 


The  following  synthesis  procedure  is  a  procedure  which  may  be  applied  to  any 
symmetrical  network  which  effectively  contains  one  unit  element.  In  the  case  of  the 
all-pass  network  this  means  that  S  g(t)  is  of  the  form 


S12» 


(88) 


The  general  symmetrical  network  however,  will  possess  a  transfer  matrix  of  the 
form 


A(t)  B(t)' 

C(t)  A(t)_ 


(89) 
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The  even  and  odd  mode  impedance  for  this  network  are  defined  as 


which  yields  the  condition, 


(90) 


(91) 


Z  <t')  =  Z  /Jjj 
oo  oe  l  /  / 

which  uniquely  defines  Z  (t')  in  terms  of  Z  (t#). 

oo  oe 

In  order  to  formulate  the  synthesis  procedure,  consider  the  impedance  para¬ 
meters  corresponding  to  the  transfer  matrix  (89)  defined  as, 


A  unit  element  may  be  extracted  in  series  from  the  network  of  characteristic  impedance 
Zq,  to  give, 

v  Z 

/  _  A(t)  _ o_ 

11  C(t)  ‘  t 
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Z'  (t') 
oe  ' 


z'  +  z' 

11  12 

Z 

oe'  '  , 


Z'  (t') 
oo  ' 


Zoo<*'>  -  V' 


2  (*')  -  Z 


Zoo(t')  =  Z/ 

VO  Off 


o*(~) 


neS“Cafc^<i  f  T“  of  tap**. 

,ine 

shunt  ™,t  SrS  to  ““  )u“  “  ‘ha  enaction  of  a 


V  -  ><*>. 

•  11  B(t) 


v  =  _N/i-t  F(t) 

vi2  ^“bbt” 


and  th.  extraction  of  a  shunt  unit  element  produces 


v'  =  Mt)  Y0 
11  ~B(t)  '  — 


/  .  /  2”  [£ilL  Yo] 

i2  ■  Vi-t  Lw  “  T-j 


ti  liMtUdUu! 


but, 
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The  corresponding  even  and  odd  mode  parameters  are, 


Y'  (t') 
oe' 


Y  (t'; 
oe' 


(103) 


The  extraction  of  the  admittance  Y(t)  from  each  end  of  the  network  is  equivalent 
to  removing  Y(t)  from  each  end  of  one  of  the  lines  in  the  interdigital  line.  In  terms 
of  the  even  mode  network  a  ’resonant'  admittance  \r>  (t)  (i.e.  Y'(t)  =  Yy  (l/t7) )  has 
been  extracted. 


A  similar  approach  may  be  made  to  extract  series  impedances  but  should 
normally  be  avoided  due  to  the  difficulty  in  practical  realisation. 

It  has  been  shown  that  series  and  shunt  capacitors,  and  series  and  shunt 
'resonant'  admittances  may  be  extracted  from  the  even-mode  impedance  and  have 
a  direct  physical  representation  in  terms  of  a  loaded  interdigital  line  structure. 
Obviously,  if  the  network  is  to  be  synthesised  in  this  form,  the  extraction  of  ele¬ 
ments  from  the  even- mode  impedance  must  be  degree  reducing  procedures.  In 
order  to  present  the  various  ways  of  extraction  which  may  be  used  to  achieve  this, 
an  example  is  presented. 


In  general,  for  an  all-pass  network 


Z  (t') 
oe 


-(rrj*)  “«'>  +  H(S) 


H 


(1+t')  -  H 


(r£») 


(104) 


and  the  example  chosen  is  the  D-type  section  where 
H(t)  =  |t J2+  2<70  t  +t2 
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resulting  in, 


l*oi**2  (|tor  +  2  +  2ao)  t/2+  (4(y0+  |tol“)  t'4 
l'  f4cr0  +  h0|2)  ♦  2  (|t0j2  ♦  2  +2a0)  t'2  +  it0|2  t'4j 


A  series  open-circuited  stub  Is  extracted  from  the  even-mode  impedance  (this  is 
equivalent  to  extracting  a  unit  element  in  series  with  the  network)  to  give, 


Zoe!  <t'>  -  ZoeQ  <t')  ~ ^ 


ZQ  is  chosen  to  be  the  residue  of  2oeo  (tO  at  the  origin.  i.  e, 

|to'2 

zo“t'zoe0<tO  t,_0  -  - r 

‘"°  4*o*KI2 


where, 


zoei  <»0 


^crot'  |to|2+2  +  2ao)  +  t/2(2o0(2a0+  |tQ|2)] 

<4<V  I toft  [<4®0  +  I  tQ  I2)  +  2 t'2  (!  tj ' 2  +  2  +  2oc)  +  It,!2  t'4] 


A  short  circuited  shunt  stub  Zjt  is  now  extracted  from  ZQe  (t')  (this  is  equivalent 
to  extracting  Zjt  from  each  end  of  the  network)  to  yield,  1 

<l4t'2) 

Yoe2  (tO  «  Yoei  (tO  -  Yx  2|;  (109) 


Yx  -  t'Yoe  (tO 


(4cro  +  |t0|2)2 

t'=°  4a0(|t0|2  4  2  4  2a0) 


producing 


4*0  (|t0|2  4  2  4  2oo)  [l  t0|2  4  2  +  2<To  4  (20q  4  I  t0|2 )  t'2] 


Zoe,(t/)=  ,a„  *  I*  1 2  v.' 


2v  j.  *  >2 


2  (4»0+W  >t#  |to|  (3-2<70)  +  4  (l4Cr0-ao‘J)  +t 


Ca-2Co)  |t0|2-4o02  l] 
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Extracting  a  series  open  circuited  stub  ~~~  yields 


Zo«  (‘O-Z*.  <t'>  -  ~ 
3  *  t' 


(112) 


where 


4orr 


4°o  +  1*0 1" 


(113) 


in  order  to  provide  a  zero  of  ZM  (t' )  at  t'  =  jl. 


Now, 


t'  [itoi2  (3-2a0)  +  4  (l+0fo-Oo2)  +  t'2  [(l-2o0)|t0|2"4Oo2  3] 


4CTo(|t0|6+2cr0+l)  (1  +  t'2) 


'(114) 


from  which  an  open-circuited  stub  Y3  t  may  be  extracted  to  give, 

2Y3  t' 

V4c')*V3(t')-~ 


(115) 


where 


<l  +  t'2) 


Yofi.  (tO 


‘3  ,  *oe, 

2t'  3 


<|t0|2  +  2  +  2cr0) 


t'=  jl 


and 


Yoe3  it')  - 


4ffo(Kl2+2or0+  1) 

[a-20o)  I  tj  2  -4or02]  t' 
*\  -  U  J 


(116) 


4C0  (|to|2  *■  2 cr0  +  1) 


(117) 
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whore 


U-2or0)  |t0|2  -  4 o02 

Y4 - — -  01«> 

4ffc  (|tol  +  2(70  ♦  1) 

la  the  characteristic  admittance  of  the  last  interdigital  line  to  ground. 

The  impedances  z1(  z2  and  Z3  are  always  positive  and  2  4  is  positive  if, 

<1  -  2ar0)  H0f2  i  4cr02  tt*®) 

The  final  even- mode  network  is  shown  in  Fig.  13  and  the  complete  coupled  line  network 
is  shown  in  Fig.  14  where  the  characteristic  remittance  matrix  of  the  three- wire 
interdigital  line  is 

(1)  (2)  (3) 

-(|tol2  +  4Po) 

ltd2 

(|t0|2  +4oq) 

4cr0|t0|2 

-<|t0|2+4o0) 

4  or0 

and  line  (2)  is  terminated  in  two  short  circuited  shunt  stubs  of  characteristic  ad¬ 
mittance. 

(|tol2  +  4*o>2 

Y2  * - 5 -  (121) 

4<J0  (I tof  *2  +  2q0) 

line  (3)  is  terminated  in  two  open  circuited  shunt  stubs  of  characteristic  admittance, 
(|t0|2  +  2  +  2q0) 

Y  = - - -  (122) 

4ff0(|tol  +2er0  +  l) 

and  the  ends  of  line  (1)  provide  the  terminals  for  the  input  and  output  ports. 
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Zoto  (♦ 


Figure  13.  The  Even- Mode  Network  Resulting  From  the  Liter-digital  Realisation 
of  a  Microwave  D-Type  Section  in  Cascade  With  a  Unit  Element 


Figure  14.  The  Interdigital  Network  Realising  a  Cascade  Microwave  I>Tyj; 

Section  and  Unit  Element 


In  general,  the  impedance  levels  of  the  lines  2  to  n  may  bo  changed  with  respect 
to  line  (1)  in  a  manner  similar  to  that  used  in  section  2.  In  this  example,  the  second 
row  and  column  of  the  admittance  matrix  may  be  multiplied  by  the  factor, 

h  iy2 


|to|2  +  4a0 

and  the  third  row  and  column  by 


x3  4crc 
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to  yield  the  admittance  matrix  of  the  three-wire  line  as, 


(1) 


(2) 


(3) 


U) 

a 


1*0!  +4<>c 


hoi2 


-x2 


<2> 


*2 


4o0 


"V3 


(3) 


-x2xa 

x324(T0  (lt0|Z  +  2  +  2o0>(|to|2*20o> 

l*ol4  <l*ol2  *  2c»0+  1)  1 

(125) 


where  line  (3)  Is  terminated  In  two  short  circuited  shunt  stubs  of  characteristic 
admittance 


Vs  hoi4 

4®o<l*ol2  +  2  +  2*o> 


(126) 


and  line  (3)  is  terminated  in  two  open  circuited  Bhunt  stubs  of  characteristic  ad¬ 
mittance, 


*3240o(W2  +  2  +  20o) 
ho|4<|t0|2  +  2cro  +  1> 


(127) 


The  values  for  x^  and  x2  are  chosen  so  that  the  coupling  and  ground  admittances  are 
non-negative  and  this  may  be  achieved  In  this  case  If 

(1-  2o0)  |t0j2  a  2c0  (128) 

From  this  condition,  a  necessary  restriction  Is  that  o  0  <  ^  indicating  that  the 
transmission  zero  must  lie  in  the  vicinity  of  the  Imaginary  axis  and  therefore  must 
inherently  produce  a  resonant  delay  characteristic. 


In  tae  remaining  section  of  this  paper  some  applications  of  microwave  all-pass 
networks  are  considered. 
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V.  APPLICATIONS 


Initially  It  is  demonstrated  how  microwave  all-pass  networks  may  be  used  to 
provide  phase  correction  to  conventional  microwave  filters  and  then  a  method  is 
described  by  which  a  network  with  a  linear  delay-frequency  characteristic  may  be 
constructed,  the  latter  being  of  particular  importance  in  the  compression  of  linearly 
frequency  swept  pulses. 
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vl  PHAsr  roRRmtov  of  v  «•.  «>vkn  hu.ul  micuiavavi 


As  an  example  uf  the  u»e  of  microwave  ail' pass  networks  as  phase  correcting 
networks  consider  a  stepped  impedance  trails  former.  Here, 


|S12W 


1  .  h2  T,  2 


'■■COS  0> 


anti  tor  illustration  the  particular  numerical  example  to  be  considered  is  tiro  case  n  -  5, 
cos  to0  -  0  *6  and  a  ripple  level  in  the  pass  band  of  0*  2  db.  S12  (t)  may  be  constructed 
in  the  usual  manner  and  the  delay  of  S^9  (t)  calculated.  Fig.  15  shows  the  normalised 
delay  plotted  as  a  function  of  cos  m  and  reveals  that  the  difference  between  the 
band  centre  and  peak  (band  edge)  delays  is  5*73.  It  Is  evident  from  the  shape  of  the 
curve  that  a  single  C-type  section  will  not  provide  any  substantial  correction.  A  D- 
type  section  alone  is  also  of  little  use  since  if  it  has  a  peak  delay  this  must  occur  at 
some  value  of  cos  to  below  01  6  and  thus  by  considering  values  about  band  centre  little 
improvement  is  likely  to  result.  However,  as  will  be  seen,  the  combination  of  a  C- 
type  and  D-type  section  does  improve  the  delay  characteristic  considerably.  Fig.  16(a) 
shows  the  combination  of  the  filter  delay  with  D-type  sections  having  |t0|=  2  and 
a0  1  •  2  and  l  •  4.  These  values  are  chosen  to  give  a  combined  characteristic  as  near  as 
possible  to  the  inverse  of  the  C-type  section.  A  little  experimentation  with  various 
D-type  sections  at  this  stage  shows  that  this  network  alone  is  of  little  use  and  also 
reveals  that  it  is  advantageous  to  choose  |toj  greater  than  unity.  Using  Fig.  16  (a) 
a  C-type  section  is  then  chosen  to  obtain  the  smallest  variation  over  the  passband  and 
this  is  shown  in  Fig,  16  (b).  The  best  result  is  obtained  with  the  D-type  section  having 

1^1  =  2,  a0  -  1  •  2  and  =  C-type  section  with  o  -  ~  •  TTiis  combination  results  in  a 

delay  variation  of  1  •  8  as  compared  to  the  original  value  of  5  *  73,  a  considerable  im¬ 
provement.  In  the  limit,  of  course,  further  C-type  and  D-type  suctions  may  be  added 
to  produce  any  desired  improvement. 

To  complete  the  example  the  required  network  will  be  synthesised.  For  this 
network 


where 


H  (t)  -  (t2 


12  > 

+  -t- -t+  4 
5 
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Figure  15.  The  Delay  Characteristic  For  the  Five  Element,  Stepped,  Impedance 
Transformer  Considered  in  the  Numerical  Example 


This  network  may  be  synthesised  as  a  cascade  of  two-wire  line.  In  this  case,  the 
even- mode  impedance  Z^  <t)  is, 

H  (t)  +  H  (-t) 

Z1  (t)  = - 

H  (t)-  H(-t) 

2  (43t2  +  100) 

lot  (t2  +  12) 


(131 


0.5  10 

COS  ui 


Figure  16b.  The  Delay  Characteristics  of  the  Microwave  C- Type  and  D-Typc  Sections 

Considered  in  the  Numerical  Example 


resulting  in 

407 

z  (1)  «  - 

z  80 


Z3(l)=  —  (134) 

Hence,  since  all  of  the  even-mode  impedances  are  greater  than  unity,  the  network 
is  realisable  with  positive  values  of  admittance. 


A  similar  phase  correcting  technique  may  be  applied  to  most  conventional  micro- 
wave  filters  but  a  realisation  of  the  phase  correcting  network  in  the  form  of  a  cascade 
of  two-wire  lines  is  not  always  possible.  To  illustrate  this  point,  consider  a  low-pass 
filter  with, 


l®12  W 


1  +  f2  T  2 
*  n 


fain  a* 


In  general,  the  delay  characteristic  of  this  network  la  of  the  same  form  as  the 
corresponding  stepped  impedance  transformer  with  cos  ccand  cos  u0  replaced  by 
sin  u)  and  sin  toQ  respectively  and  subsequently,  the  corresponding  phase  correction 
network  would  be  the  same  as  (or  the  stopped  impedance  transformer  with  Hn  (t) 

replaced  by  tnHn  Performing  this  operation  on  the  numerical  example  considered, 

the  resulting  even- mode  impedances  would  be, 


Z2  =  736 


Z3  " 1260 


resulting  in  lines  1  and  3  being  unrealisabie  due  to  the  negative  value  of  coupling 
admittance.  In  a  case  such  as  this  a  more  general  type  of  realisation  must  be  sought 
as  shown  in  section  2. 
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V1L  Ai.I.  PASS  NETWORKS  WITH  UNKAH  i  .it;  1.AY  CHAHACTKHISTICS 


The  realisations  o f  tho  microwave  all-pass  networks  in  the  intcrdigital  form 
presented  in  section  3,  and  realisations  In  the  form  of  tho  cascaded  not  works  wi  th 

Ng^  os  described  in  section  if,  inhuruntiy  product)  resonant  delay  charaotcrihtics.  A 
delay  characteristic  of  this  form  is  not  usually  required  for  the  phase  correction  of 
conventional  microwave  filters  but  is  ideal  for  applications  where  large  rates  of 
change  of  delay  are  required  over  relatively  small  bandwidths  (2u%  or  less).  One 
particularly  important  application  which  is  to  be  discussed  is  the  case  where  tho  delay 
varies  in  a  linear  manner  with  frequency  over  a  band  and  where  the  ratio  of  the  delays 
at  the  band  odges  is  considerably  greater  than  unity.  One  application  of  such  a  net¬ 
work,  as  previously  mentioned,  is  Tor  the  compression  of  linearly  swept  pulses  as 
used  in  pulse  compression  radar. 

Tho  idealised  delay  characteristic  whi^h  is  to  be  approximated  is  shown  in  Fig.  17. 
The  constant  additive  delay,  which  increases  with  the  addition  of  unit  elements  into 
the  network,  is  on  unimportant  factor  in  this  particular  case.  The  Important  factors 
are  the  bandwidth  B(c/s),  the  dispersion  D  =  T^,  -  Tftl  (sees)  where  Tg2  and  Tgl  arc 
the  delays  at  the  band  edges,  and  the  compression  rauo  C  defined  ns, 

C  =  BD  <137) 

which  is  twice  the  area  under  the  delay  curve  over  tho  band  B,  excluding  the  constant 
delay. 

It  may  readily  be  shown  that  the  area  contained  undur  the  delay  characteristic  of 
a  single  D-type  suction  expressed  os  a  plot  of  delay  in  secs,  against  frequency  in  c/s, 
is  unity  per  quarter  wgve  length  frequency.  Thus,  if  n  Is  tho  degree  of  Sj2  (t)  then 

lliC  (138) 

For  pulse  compression  networks,  C  is  normally  of  the  urdcr  of  50  and  hence  n  *  50 
or  at  least  25  D-type  sections  are  required.  Thus,  due  to  the  large  number  of  D-type 
sections  which  are  required,  a  first  ordered  approximation  to  linear  delay  may  be 
made  in  the  following  manner: 

Consider  a  D-type  section  with  a  transmission  zero  =  o0  +  j  w0  where 
1 10  |  »  aG  U39) 

then  the  maximum  delay  of  the  section  occurs  at  Urn  to  |t0|  and  has  a  value, 

^♦U2) 

"*"gmcx  ^  (140) 


57 


Figure  17.  Idealised  Delay  Characteristic 


Since  the  area  under  the  delay  curve  of  each  D-type  section  in  the  network  is 

“,”V"  b<,1°W  ““  •“»"*  *“  «  -  I  U  .  the  arc.  ulr  1  dly 

curve  will  increase  in  an  approximately  linear  manner  over  the  band  B  If 


where  4KQ  (ll  +  B)  <  1 


Also,  if  condition  (139)  and  equation  (140)  arc  used, 
delay  may  be  minimised  if, 


the  deviation  from  linuor 


For  moat  practical  purpoaea,  a  cloac  approximation  to  linear  delay  will  bo  nec¬ 
essary  and  this  may  be  achieved  using  numerical  techniques  with  this  first  ordemi 
approximation  as  the  initial  conditions. 
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Vin.  CONCUISIONS 


A  generalised  theory  of  commensurate  microwave  all-puss  networks  iu*s  boon 
presented.  The  typical  delay  characteristics  for  this  eias  •  of  networks  has  been 
presented  and  procedures  for  the  approximation  of  specified  characteristics  have  boon 
Indicated.  Using  gonoral  synthesis  procedures  for  the  realisation  of  Otype  and  I>* 
type  all-pass  microwave  sections,  with  and  without  a  cascaded  unit  dement,  it  has 
been  shown  that  any  delay  characteristic  of  the  form, 

W)  ti'  <-tf 
H(t)  *  llf-t) 

whore  t  *  tanh  p,  may  always  be  realised  within  an  additive  constant. 

Finally,  two  synthesis  procedures  have  been  presented  for  the  direct  realisation 
of  microwave  ail-pass  networks  without  the  reduction  to  a  cascade  01  C -typo  and  1> 
type  sections.  Tim  first  realisation,  in  the  form  of  a  cascade  of  two-wire  Unas,  is 
useful  for  the  phase  correction  of  some  conventional  mtcrowave  filters,  while  the 
second  realisation,  in  interdigital  form,  will  produce  delay  characteristics  where 
the  delay  varies  rapidly  over  a  small  band  of  frequencies. 
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